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consumption suddenly increases and mitochondria urgently need pyruvate. Another explanation is that uptake of lactate and conversion into pyruvate could allow neurons to replenish their stores of NADH, as transformation of lactate into pyruvate leads to conversion of NAD+ into NADH. Whatever the reason, it seems that interfering with the flux of lactate from astrocytes into neurons affects brain function, for example it interferes with memory formation in chick and rodents (Gibbs et al., 2006; Suzuki et al., 2011) .
Irrespective of the actual benefits of lactate shuttling from astrocytes to neurons, a critical pre-requisite for this process is the existence of a downwards gradient, because all known mechanisms of lactate movement are passive. Initially it was thought that such gradient appears when astrocytes upregulate lactate production in response to a chemical signal from activate neurons, but the study by Machler and colleagues (Mächler et al., 2015) demonstrates that a gradient exists even in the absence of stimulation. The main tool that was used for estimating lactate concentrations was a genetically encoded FRET lactate sensor laconic where cyan and yellow proteins are separated by a flexible, metabolitesensitive linker. Laconic provides cellular resolution and the authors made a bold step to perform their experiments in vivo using anesthetized mice. Laconic was targeted to either neurons or astrocytes using viruses with cell-specific promoters, which were injected into the adjacent parts of the cortex. By moving the field of view, it was possible to make observations on either class of cells in the same animal. There are not many studies where anything like this has been done and this approach is definitely a big technical step forward.
The authors build their arguments based on the results of two types of experiments. First, they attempt to saturate laconic using lactate load and then compare the magnitude of change between the two cell types. In some experiments, lactate infusions are combined with NH4Cl, with the aim to suppress pyruvate consumption by acting on mitochondria (Felipo & Butterworth, 2002; Lerchundi et al., 2015) . Alternatively, they try to wash lactate out using a "trans-acceleration" approach. For trans acceleration, they create an excess of extracellular pyruvate, which should lead to a strong inward flux though the monocarboxylate transporters (MCTs), thus accelerating pick up of lactate from the inside of the cell. The trans-acceleration method is not without caveats. First of all, it is hard to see why a sudden rise in intracellular pyruvate should not result in its quick transformation into lactate, which, given the differences in lactate dehydrogenase (LDH) isoforms between astrocytes and neurons (Mosienko et al., 2015) , may happen at different rates. Second, as was first seen in (San et al., 2013) , pyruvate seems to directly antagonize lactate interaction with laconic. Nevertheless, the paper shows that pyruvate load leads to a reduction of laconic signal in astrocytes, but not in neurons. In fact, after a delay, neuronal laconic signal went up, suggesting that lactate which had been exported from astrocytes, then reappeared in neurons.
Using laconic for quantitative comparisons between two cellular populations is not trivial.
Fluorescent proteins used in laconic become visible when their concentration in the cell reaches high nanomolar range (Stokes et al., 2003) . Lactate concentrations even in resting cells are much higher. This is quite different from the typical Ca 2+ imaging experiments where the indicator is often in excess. In other words, the limit of the laconic response is not set by the availability of free indicator but by the stoichiometry of lactate-laconic interaction, which seems to be exponential. Since all measurements were made in nonstationary conditions, factors such as speed and affinity of MCTs, differences in LDH isoforms, rate of pyruvate consumption which are all different between neurons and astrocytes, need to be taken into account when considering the results of experiments with lactate loading and trans-acceleration. The authors have provided various controls to support their interpretation and the readers should look carefully at the arguments in the paper and the supplement.
Non-equilibrium of lactate concentration at rest ( Fig 1B) implies that in spite of the presence of MCTs on the astrocytic and neuronal membranes, the transporters are unable to evenly distribute lactate between these cellular compartments. Possibly this is a consequence of a low affinity of astrocytic MCTs for lactate which to some extent acts like a threshold and only when lactate production rises in astrocytes, it "spills" over. If this is this case, the alternative mechanisms of "gated" lactate exit such as exit via hemichannels may become important.
It is interesting to note that for laconic to work, in vitro cultures have to be kept in solutions with 1 mM glucose (the usual concentration used for slice and culture work is 10 mM). Does that mean that the absolute majority of papers on brain slices are made under conditions when both, astrocytes and neurons are overloaded with lactate?
We still do not have a convincing explanation why neurons should benefit from importing lactate. Now that we are getting these new results using in vivo imaging with cellular resolution, the ultimate purpose of lactate import from astrocytes into neurons becomes a highly pertinent question.
